Motivated by the recent measurements of non-leptonicB 0 s decays by CDF and LHCb collaborations, especially the large B(B 0 s → π + π − ), we revisit the hard spectator and annihilation corrections inB 0 s decays within QCD factorization approach with two schemes for the possible parameters for the known end-point divergence appeared in the estimation of the hard spectator and annihilation diagrams. The first one is to conservatively estimate the possible contributions by parameterization (scheme I); another one uses an infrared finite gluon propagator (scheme II) to regulate the end-point singularity. In scheme I, with the constraints from the measuredB 0 s → P P (V V ) decays, two (four) restricted solutions of the parameters spaces are found. In scheme II, we find that most of the theoretical predictions agree well with the experimental data with single parameter m g ∼ 0.5GeV. However, within both schemes, B(B 0 s → φφ) are always much larger than B(B 0 s → K * 0K * 0 ) in contrast to the experimental results B(B 0 s → φφ) ≃ B(B 0 s → K * 0K * 0 ). It is noted that the pattern B(B 0 s → φφ) > B(B 0 s → K * 0K * 0 ) also persists in other theoretical framework, thus the present experimental result B(B 0 s → φφ) ≃ B(B 0 s → K * 0K * 0 ) rises a challenge to theoretical approaches for B non-leptonic decays. Further refined measurements and theoretical studies are called for to resolve such a possible anomaly.
Introduction
The pure annihilation non-leptonic B meson decays, without the interference induced by spec- 
as well as the branching fraction of the pure annihilation decayB 
Averaging the experimental data Eqs. (3) and (4) roughly, we get
Theoretically, the pure annihilation non-leptonic B meson decays are expected much rare with a branching fractions at the level 10 −7 or less due to the fact that the annihilation corrections are formally Λ QCD /m b power suppressed. While, together with the chirally enhanced power corrections, they offer interesting probes for the dynamical mechanism governing these decays and exploration of CP violations, and therefore attract much more attention recently [4, 5, 6, 7] . Unfortunately, in collinear factorization approach, the calculation of annihilation corrections always suffers from end-point divergence. Within the perturbative QCD (pQCD) approach [8] , such divergence is regulated by introducing the parton transverse momentum k T at expense of modeling additional k T dependence of meson distribution functions, and present a large complex annihilation corrections [6, 8] . The most recent renewed [7] are in good agreement with the CDF and LHCb measurements, however, a systematic examination combined with other correlated decays in the same framework is not available yet. In the soft-collinear effective theory (SCET) [9] , the annihilation diagrams are factorable and real [10] to the leading power of O(α s (m b )Λ QCD /m b ).
In the QCD factorization approach (QCDF) [11] , there are mainly two ways to deal with the end-point singularity in weak annihilation calculation: (i) scheme I, parameterization in a model independent way [12] with at least two phenomenological parameters introduced, for example X A = 1 0 dy/y = ln(m b /Λ h )(1 + ρ A e iφ A ); (ii) scheme II, using the infrared finite gluon propagator [13, 14] , for example 1/k 2 → 1/(k 2 − M g (k 2 ) + iǫ).
As a popular way, the scheme I is widely used in the theoretical calculations [12, 15, 16, 17] .
Fitting to the data of B u,d → P P decays, a favored parameter value choice "Scenario S4" is obtained in Ref. [12] : ρ u,d
A (P P ) ∼ 1 and φ u,d
A (P P ) ∼ −55
• , which leads to the prediction
Assuming the default values of ρ A (P P ) and φ A (P P ) in B s decays are similar to that in B u,d
decays, Cheng et al. give the prediction [17] B(B 
It is noted that above QCDF predictions are significantly smaller than the measurements Eqs. (5) and (6) . Especially, the default value B(B 0 s → π + π − ) = 0.26 ×10 −6 is about 3.4σ lower than the experimental data (0.73±0.14)×10 −6 , which implies possible much larger annihilation contributions in B s decays than previous prospect. Using the CDF results in Eq. (1) solely, a detail study about such topic has been performed by Zhu [4] . Assuming universal values of ρ A (P P ) and φ A (P P ) for B d and B s decays, it is found that QCDF is hardly to provide results in agreement with all of the well measured B → P P decays. Then, if the recent measurement of LHCb in Eq. (2) is considered, the tension would be further enlarged, which may imply the parameters ρ A and φ A are non-universal in B d and B s decays. So, it is worthy to fit their values with available data of B d and B s decays, respectively, and update the QCDF predictions.
Within the scheme II, the formula of annihilation corrections for B → P P and P V decays have been given in Ref. [14] . In this scheme, with the only one input parameter effective gluon mass scale m g = 0.50 ± 0.05GeV, the theoretical predictions of the observables for B u,d → πK, ρK and πK * decays are consistent with the experimental data [14] . So, it is deserved to check if its predictions for the pure annihilation decays are in agreement with the same effective gluon mass scale parameter. Furthermore, the pure annihilation B d,s → V V decays, which involve more observables, may play an important role to test the methods of the end-point singularity regulation. So, in this paper, we calculate the annihilation corrections related to B d,s → V V decays with the infrared finite gluon propagator.
In Section 2, we briefly review the annihilation contributions within QCDF. In Sections 3 and 4, with schemes I and II for the end-point divergence regulation, we revisitB 0 s → P P , P V and V V decay modes, respectively. In our evaluations, the pure annihilation B s non-leptonic decays and the related well measured ones are examined simultaneously. Section 5 contains our conclusions. Some amplitudes ofB 0 s decays and the theoretical input parameters are summarized in Appendix A and B, respectively.
Brief review of the annihilation corrections within QCDF
In the Standard Model (SM), the effective weak Hamiltonian responsible for b → p transitions is given as [18] 
where V qb V * qs (q = u, c and t) are products of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, C i the Wilson coefficients, and O i the relevant four-quark operators .
With the effective weak Hamiltonian Eq. (9), the QCDF has been fully developed and extensively employed to calculate the hadronic B meson decays. The basic theoretical framework of B u,d,s → P P, P V and V V decays could be found in Refs. [11, 12, 15, 16, 17] . In this paper, we adopt the same convention and formula given in Refs. [12, 15] , except for some corrections pointed out by Ref. [19] . It is noted that the strength and associated strong-interaction phase of annihilation corrections and hard-spectator scattering contributions are numerically important to evaluate the branching ratios, the CP asymmetry and the polarization observables. Unfortu-nately, such power correction terms always suffer from the endpoint divergences, which violate the factorization. To probe their possible effects conservatively, the endpoint divergent integrals are treated as signs of infrared sensitive contribution and usually parameterized by [12, 15] ,
where,
with Λ h being a typical scale of order 0.5GeV, and ρ, φ being unknown real parameters. X H is treated in the same manner. The different choices of the parameters space of ρ and φ correspond to various scenarios, which have been thoroughly discussed in Refs. [12, 15, 16, 17] .
Fitting the fruitful experimental measurements of B u,d → P P, P V and V P decays, a favored scenarios S4 is obtained in Ref. [12] . Furthermore, the fitted ρ and φ for B u,d → V V decays are also given in Ref. [15, 16] . Their results are summarized as
Assuming the default values of ρ A and φ A in the B s decays are similar to that in B u,d decays,
Ref. [17] takes the values
as the inputs for the B s decays. In this paper, we denote above parameter space as "scenarios S4" for convenience. It is noted that some non-leptonicB 0 s decays have been well measured in recent years, such asB 27.8
3B 0 s → P P and P V decay modes
Within Scheme I
With the annihilation parameters of scenarios S4 forB 0 s → P P and P V decays given by Eqs. (15) and (16), and the other input parameters listed in Appendix B, the predictions for the observables of pure annihilation decaysB 0 s → ππ , ρπ and the well measured decays B 0
given in the third column of Table 1 . The theoretical uncertainties are mainly induced by the three parts: quark masses , CKM elements and decay constants, form factors. We first scan randomly the points in the allowed ranged of the input parameters of the three parts, respectively, and then add errors in quadrature.
Our QCDF results of scenarios S4 listed in Tables 1 are consistent with the former predic- tions given in Refs. [12, 17] , and the small difference is mainly induced by the different input values and some corrections mentioned above. One may find most of the predictions agree well with the experimental measurements. However, we again find the theoretical prediction
, which agrees well with the other theoretical results such as ∼ 0.26 × 10 −6 in Ref. [17] and ∼ 0.155 × 10 −6 in Ref. [12] , is about 3.7σ lower than the average of experimental data (0.73 ± 0.14) × 10 −6 .
The Fig. 1 shows the dependence of the measured observables ofB 0 s → P P decays on the phase φ not essential, and is allowed. So, it is worthy to evaluate the exact values of the annihilation parameters with the constraints from the available experimental information ofB To keep the predictive power of the QCDF framework, we assume the annihilation parameters are universal for all of theB 0 s → P P decay channels in this paper. Under the constraints from B(B
and their combination, the allowed regions for the annihilation parameters φ 
excluded by recent experimental measurements B(B 0 s → π + π − ) = 0.73 ± 0.14. Combining the constraints from above four observables, as Fig. (c) shows, the annihilation parameters are tightly restricted, and two solutions, named S PP A and B, respectively, are obtained as
Both of them imply a large annihilation correction is essential to accommodate the measured B s → P P decays.
As a comparison, we also evaluate the values of the annihilation parameters inB 0 d → P P decays with the constraints from the well measuredB Fig. 2 (b) , we find φ P P d
and ρ
P P d
are bounded strongly by the precise experimental data of the branching fraction and direct CP asymmetry ofB
is weak due to the rough measurement.
Corresponding to the allowed region for φ P P d and ρ
shown by Fig. 2 (c) , we get the numerical
which is similar to the result of scenario S4 given by Eq. (12), while significantly different from those by B s decays φ P P s and ρ
P P s in Eq. (18).
ForB 0 s → P V decay modes, so far, there is no available experimental measurement could be used to put a constraint on the annihilation parameters therein. Thus, in our numerical evaluations, we assume that the differences between ρ(φ) P V,V P and ρ(φ) P P inB 0 s decays are the same as the one inB 0 d decays of scenario S4 given by Eqs. (12) and (13), i.e.,
With the default values of ρ P P,P V,V P s and φ P P,P V,V P s given by Eqs. (18) and (20) as inputs, we present our results of the observables in fourth and fifth columns of Table 1 . We find that 1 Out fitting for the annihilation parameters is performed with that the experimental data are allowed within their respectively 1.68σ (≃ 90% C.L.) error bars, while the theoretical uncertainties are also considered by varying the input parameters within their respective regions specified in Appendix B.
Within Scheme II
Alternative to the way of the parameterization, the end-point divergency could be regulated by an infrared finite dynamical gluon propagator, which has been successfully applied to the B meson non-leptonic decays [13, 14, 20] . In this paper we adopt the Cornwall's description for the gluon propagator, which is given by [21] 
with the dynamical gluon mass
where q 2 is the gluon momentum square, which is space-like in the hard spectator scattering contributions and time-like in the annihilation corrections. The corresponding strong coupling constant reads
where
n f is the first coefficient of the beta function, and n f the number of active flavors.
With the description given above, the amplitudes of the hard spectator scattering contributions and annihilation corrections in the B → P P and P V decays have been derived in Ref. [14] . Within this scheme, it is found that the hard spectator scattering contributions are real and the annihilation corrections are complex with a large imaginary part [14] . Moreover, the strength of the annihilation correction is sensitive to the sole input parameter, the effective gluon mass scale m g , which typical value is 0.5 ± 0.2 GeV obtained by relating the gluon mass to the gluon condensate [21] . Interestingly, in B meson system, with the constraints from B u,d → πK , πK * and ρK decays, a reasonable similar result m g = 0.5 ± 0.05 GeV is found in
Ref. [14] . So, as a crossing check, it is worthy to evaluate the value of the effective gluon mass Fig. 3 . From Fig. 3 (a) , we find that a small m g ∼ 0.43 GeV, which would lead to large annihilation corrections, is required 
is negligible, which can be seen from Fig. 3 (c) . Furthermore, as 
and
Because of the left-handedness of the weak interaction and the fact that the high-energy QCD interactions conserve helicity, the SM expects the dominance of the longitudinal amplitude and the transverse amplitudes are suppressed by the factor m φ ,K * 0 /m B , which significantly conflicts with the LHCb and CDF observation
Therefore, it is worthy to perform a detailed evaluation within QCDF, and check if the tension could be moderated by annihilation corrections.
Within Scheme I
With the annihilation parameters given by Eq. (17), the prediction of scenarios S4 forB 0 s → ρρ , K * 0K * 0 and φφ decays are listed in the third column of Table 2 , which agree with the former results of the QCDF [15, 17] . One may find that there are no significant direct CP asymmetries for these decay modes, and the longitudinal polarization fractions ofB (Fig. (a) ) and their combination (Fig. (b) ), respectively.
regions for the annihilation parameters are shown in Fig. 5 . As shown in Fig. 5 (a) Finally, under their combined constraints, we could find four solutions shown by Fig. 5 (b) . The corresponding numerical results are
With the default values of the annihilation parameters given by Eq. (27), our predictions of scheme I are summarized in the Table 2 . We find that f L (B 
Within Scheme II
With the infrared finite gluon propagator to deal with the endpoint divergences, the hard spectator and the annihilation corrections for B → P P and P V decays have been evaluated in Ref. [14] . While, the ones for B → V V decays have not calculated until now. So, firstly, we would re-calculate these corrections within scheme II. With the same convention and notation as Refs. [14] and [15] , the hard spectator scattering contributions can be expressed as
for i = 1, 2, 3, 4, 9, 10;
for i = 5, 7; 
2 [24] is used.
The longitudinal part of the annihilation amplitudes are given by
and A f,0 1,2 = 0. The non-vanishing transverse amplitudes are
B is the time-like gluon momentum square. As found in Ref. [14] , the hardspectator scattering contributions are real, but the annihilation contributions are complex with a large imaginary part. , which is much larger than the experimental data. With a default m g value 0.5GeV, we present our predictions for the observables in the last column of Table 2 . We find that our prediction B(B 
Conclusion
Motivated by the most recently observed large branching fraction of the pure annihilation decaȳ given by Eq. (27). Some of these solutions will be confirmed or refuted by the upcoming LHCb measurement on B 0 s → ρρ decays.
• Within scheme II, using the effective gluon mass m g = 0.48GeV, QCDF predictions for 
